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Abstract 
Research has shown that the geological storage of CO2 has the potential to be an effective and safe way to rapidly reduce 
anthropogenic CO2 emissions. However, many stakeholders require the scientific community to demonstrate that all possible 
scenarios have been evaluated including the potential impacts of leakages into the biosphere. Several studies have examined the 
effects of naturally occurring CO2 on ecosystems. It is likely that these ecosystems will have been exposed to elevated CO2 for 
considerable periods and so species may have adapted. Thus the results may not be representative of the effects of possible 
leakage from a storage facility. However, preliminary work at the ASGARD (Artificial Soil Gassing and Response Detection) 
field site at the University of Nottingham has allowed some impacts of a controlled injection of CO2 on a non-adapted ecosystem 
and on soil chemistry to be assessed with changes observed in soil microbiology, soil geochemistry and the range and health of 
plants growing at the surface. 
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1. Introduction 
The geological storage of CO2 has the potential to be an effective and safe way to reduce anthropogenic CO2 
emissions [1]. It can be assumed that storage sites would be selected to minimise the potential for leakage, here 
defined as escape of stored CO2 to the atmosphere or ocean. However, if leakages did occur, they could be over 
small areas from discrete point sources such as abandoned wells and, consequently, this could result in high 
concentrations of CO2 - possibly reaching tens of percent levels in soil gas, well above background levels. 
Uncontrolled leakages could have significant implications for the local environment [2]. Additionally, many 
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stakeholders require the scientific community to demonstrate that all possible scenarios have been evaluated 
including the potential impacts of leakages into the biosphere. Several studies have examined the effects of naturally 
occurring CO2 on ecosystems [e.g. 3,4,5]. In these environments, it is likely that the ecosystems will have been 
exposed to elevated CO2 for considerable periods and so species may have adapted. Thus the results may not be 
representative of the effects of possible leakage from a storage facility. However, preliminary work at the ASGARD 
(Artificial Soil Gassing and Response Detection) field site at the University of Nottingham has allowed some 
impacts of a controlled injection of CO2 to be assessed both on a non-adapted pasture ecosystem and on soil 
chemistry. This paper describes some of the results from this study. 
2. Geology and Site description 
The ASGARD site is located on the University of Nottingham’s Sutton Bonington Campus, approximately 18 km 
south of central Nottingham. The site had been previously used for sheep pasture and had remained grassland for 
over 10 years.  Geologically, the study area is characterised by up to 1.5 m of head deposit overlying mudstones of 
the Mercia Mudstone Group. The head deposit is highly variable in terms of lithology but, in general, comprises a 
lower clay-dominated facies overlain in the north and east by a sandy facies.  A thin and highly variable mixed 
facies up to 60 cm thick (topsoil ‘A’ horizon and subsoil ‘B’ horizon) overlies these units across the entire site. This 
mixed facies is characterised by a gravel-rich base, typically 15 cm thick, in the south and west of the site. 
Lithological variation also increases with depth.  Therefore, to mitigate the affects that this variation may have on 
gas migration, the depth of gas injection was restricted to 60 cm or less. A detailed geological description of the site 
and surrounding area is given elsewhere [6]. 
The ASGARD site consists of 30 plots measuring 2.5 m x 2.5 m which are arrayed in a rectangular grid pattern (5 
x 6 plots) with pathways (~50 cm) between each plot. Coordinates for the SW corner plot are 450643.29 mE 
326445.14 mN Height 45.58 m. The southern group of ten plots (G1 to G10) was kept as pasture for this study 
(Figures 1 and 2). Other plots were planted with agricultural crops. CO2 was injected into the centre of plots G1, G2, 
G6 and G8 through permanently installed pipework at a constant 3 litres per minute at a depth of between 50 – 60 




Figure 1. Layout of the Grass Plots at the ASGARD site and sampling positions. G1 to G4, G6 to G9. Plots G1, G2, G6 and G8 were all gassed. 
Soil samples were taken at depths of 15-30 cm and 45-50 cm at points A and B where indicated (Direction to north is indicated by the arrow). 
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Figure 2. The ASGARD site looking approximately east-north-east over the grassed plots in July 2006. The yellow pipes inject CO2 at a constant 
flow rate between 60 and 50 cm below ground level. 
3. Methodologies 
Baseline characterisation of plots G1 to G4 and G6 to G9 and positions outside the plots (SB1 to SB18) was 
undertaken on 8/9th March 2006 prior to CO2 injection. This involved surface botanical (percentage plant species 
cover); microbiological (total microbial numbers and adenosine triphosphate (ATP) content), mineralogical 
(including particle size, whole-rock and clay X-ray analysis) and geochemical (including cation exchange capacity, 
soil pH, total organic carbon, X-ray fluorescence analysis) evaluations of samples at 15-30 cm and 45-60 cm depth; 
coupled to soil gas measurements at 20, 50 and 60 cm depth. Further characterisation using the same methods was 
also carried out on 20th September 2006, a few days before injection ceased particularly focussing on plots G1 
(gassed), G7 (not gassed) and G8 (gassed)  with samples taken to 70 cm depth. Surface soil gas flux measurements 
were also undertaken. Complete details of the sampling methodologies, analytical techniques and results are given 
elsewhere [7]. 
4. Results and Discussion 
The injection rate for all gassed plots was a constant 3 litres per minute, which equates to an annual injection rate 
of ~3 tonnes y-1. For comparison, at Sleipner the operators are injecting approximately 1 million tonnes y-1. The 
leakage rate used during the ASGARD experiment is therefore equivalent to less than 0.0003% of the amount 
injected at Sleipner.  Nevertheless, it should be emphasised that the injection rate used for the ASGARD project was 
selected for practical purposes and is not intended to imply that similar leakage rates could be expected at these 
sites. Indeed, with careful site selection, appropriate risk assessment and monitoring, it should be fully expected that 
these sites would not leak at all. 
At the end of the injection period, detailed soil gas CO2 concentration measurements and CO2 flux measurements 
on two of the gassed plots (G1 and G8) indicated that CO2 had migrated beyond the borders of the 6.25 m2 plots 
after approximately three months of injection. Figures 3 and 4 illustrate the results from plot G8 in September 2006 
(Fig 3 - surface gas flux in litres/minute at STP for each 0.5 m2 sampled areas within G8; Fig 4 - distribution of CO2 
concentrations with depth).  The ‘total’ gas flux, including background CO2, for G8 can be estimated by summing 
these flux rates to give a total ‘flux’ of 1.02 litres per minute , which is about a third of the injection rate. 
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Figure 3. Detailed surface CO2 flux measurements in litres/minute for each 0.5 m2 sampled area within  plot G8 in September 2006 (looking 
approximately NE across the plots. North is indicated by the arrow). 
Although the CO2 had advected horizontally at a similar rate in all directions in the gassed plots, as indicated by 
the roughly circular concentration profiles for plot G8 (Figure 4), slight variations indicated that CO2 had moved 
faster in a westerly and southerly direction at 70 cm depth. This would be consistent with the denser CO2 moving 
preferentially through the more-permeable sandy and gravely deposits lying below the injection point, which dip 
slightly to the west. Therefore, although CO2 had clearly migrated upwards throughout all the plots, lateral 
movement was greater, particularly at depth, and was presumably controlled by the relative soil, sand and gravel 
permeabilities and the topographies of the boundaries between them. The preferential lateral movement would also 
support the estimation that the amount of CO2 being emitted at the surface, within the plot boundary, was less than 
one third of the amount being injected.  It thus appears that a significant proportion of the injected CO2 was not 
being accounted for in surface flux measurements, since it was migrating laterally beyond the plot boundaries. 
Unfortunately, this prevents meaningful conclusions being drawn regarding CO2 budgets within the soil profile. 
The baseline botanical characterisation showed that all the plots contained a range of monocotyledonous (e.g. 
grasses) and dicotyledonous (e.g. dandelions, thistle, plantain, chickweed, mallow, clover) plant species. However, 
the % coverage changed in gassed plots. In very high CO2 concentrations (more than 75% at 20 cm depth), plants 
turned yellow or brown and bare earth appeared as shown in Figure 5 (G8). At lower concentrations (up to 45% CO2 
at 20 cm depth), grass was the dominant plant group in the gassed plots (Figure 5 – G8). The ungassed plots had 
higher proportions of minor plant groups than the gassed plots at the end of the injection period (Figure 5 – G7). 
This suggests that monocotyledonous species (e.g. grasses) may be inherently more tolerant to higher CO2 
concentrations than the dicotyledonous species found in this pasture. However, other factors such as photosynthetic 
pathway, plant age, and nitrogen concentration may produce similar results. Nevertheless, a similar observation was 
also made at a Mediterranean pasture where the effects of naturally occurring CO2 on the shallow ecosystem was 
investigated [5]. 
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Figure 4. Distribution of CO2 concentrations at 20 cm, 50 cm and 70 cm depth in plot G8 in September 2006, after approximately 100 days of 
injection (Direction to north is indicated by the arrow). 
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Figure 5. Botanical survey of plot G7 (ungassed) and plot G8 (gassed) in September 2006, after approximately 100 days of injection. %  plant 
cover and type of flora  estimated using 0.5 m2 evaluations as indicated. Plot boundaries indicated by hatched line. (Direction to north is indicated 
by arrow). 
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In general, total bacteria numbers declined with depth in both plots. For example, at 15-30 cm depth, the average 
total number of bacteria in the centre of the ungassed plot G7 was 6.65 x 105 g-1 (wet wgt.) whereas at the centre of 
plot G8 it was 1.98 x 104 bacteria g-1 (wet wgt.). At 65-70 cm depth, the difference was greater. For G7, an average 
population of 3.35 x 104 bacteria g-1 (wet wgt.) was present, whereas at the same depth in G8, it was 3.30 x 102 
bacteria g-1 (wet wgt.). The G8 sample was taken just below the gas injection point and it is apparent that the 
presence of CO2 has resulted in a significant drop in bacterial population. Additionally, ATP concentrations, a 
measure of microbiological activity, were below detection limits for this sample. These data indicate that around the 
injection point in G8, the number of microbes had decreased and those that were present were not biologically 
active. CO2 concentrations reached a maximum of 87% at this depth. 
Mineralogical analyses of all the soils showed a consistent mineralogy dominated by major quartz, with minor K-
feldspar and albite and trace amounts of mica, kaolinite, chlorite and hematite. No significant variations in 
mineralogy were observed between the A horizon (15-30 cm depth) and B horizon (45–50 cm depth). There was no 
significant alteration of the mineralogical assemblages from gassed and non-gassed plots during the injection period 
from the baseline to the end of injection. Calcium concentrations decreased in all sampled soils over the injection 
period, but the largest decreases occurred immediately around the injection point where CO2 concentrations were 
highest. Soil pH prior to injection was typically in the range of 6.0 to 6.2. Soil pH then increased in all plots 
(whether gassed or not) at the injection depth. However, within the A horizon, pH decreased with the biggest decline 
of 0.5 pH units occurring in the gassed plots. Similarly, total organic carbon (TOC) concentrations in the A horizon 
increased in both gassed and ungassed plots by the end of the summer growing season. However, at the injection 
depth, TOC concentrations had a bigger decrease in the gassed plot relative to the control plot. This indicates that 
higher CO2 concentrations lowered soil pH and reduced organic carbon contents, although different soil horizons 
responded differently.  The more significant decrease in soil pH in the A horizon may tentatively indicate that the 
soil in this biologically-productive zone has less buffering capacity than the B horizon, where the possible lower pH 
may have been more effectively attenuated by dissolution of Ca-bearing carbonates and organic matter, as indicated 
by decreasing CaO and TOC concentrations at this depth. However, direct detection of carbonate minerals has not 
been achieved with analyses undertaken so far and further investigation of subtle changes in carbonate contents need 
to be undertaken. Additionally, TOC analyses only provide very crude indications of changes in this important 
component of soils. Thus, further investigations are recommended to further elucidate the changes in organic matter 
in response to changes in soil pH.   
5. Conclusions 
The injection of CO2 into the base of the B horizon, at a rate of 3 litres per minute or ~3 tonnes y-1, over 19 weeks 
has resulted in clear impacts on the soil ecosystem, with changes being observed in soil microbiology, soil 
geochemistry and the range and health of plants growing at the surface. However, these changes are limited to areas 
of very high soil gas CO2 concentrations (more than 75% CO2 at 20 cm depth). Towards the end of the injection 
period, the area of significantly altered soil was 50 – 100 cm in diameter. In the surrounding soils, where 
concentrations were lower, results were more variable and systematic changes were not detected. The area of 
affected soil is therefore very restricted for this field site. Soil flux measurements taken towards the end of the 
injection period indicated that approximately one third of the CO2 injected into the soil was accounted for in the flux 
measurements at this time. This would suggest that soil flux measurements cannot be directly related to injection (or 
leakage) rates even over a depth of 60 cm. The results demonstrate that basic biological techniques can be used to 
monitor the responses of ecosystems to ‘leaks’ from CO2 storage sites. They also suggest that monocotyledonous 
plants are inherently more tolerant to elevated CO2 than dicotyledonous plants in this non-adapted environment. 
However, the analyses have been limited to rather crude measurements of ecosystem response such as simple 
observational botanical surveys, bulk microbial responses and inorganic mineralogical responses. It is therefore 
recommended that further investigations be undertaken:   
• To identify soil microbial groups and their specific responses to elevated CO2 concentrations; 
• To examine the effects of elevated CO2 on organic matter within the soil; 
• To assess the longer-term exposure experiments to evaluate ecosystem responses and soil attenuation or 
buffering capacities throughout a full growing cycle; 
• To monitor ecosystem recovery rates after CO2 injection; 
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• To evaluate the effects of elevated CO2 on nutrient supply (N, P and K). 
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